Introduction
Tumor-directed gene therapy is limited by the inefficiency of current vectors such as liposomes, retroviruses and adenoviruses. Although viruses have been modified to allow tumor targeting and tumor-specific gene expression, [1] [2] [3] [4] transduction efficiencies and levels of gene expression remain low and limit the therapeutic effects. Replicating viruses have several advantages, including high levels of gene expression, increased transduction efficiencies through replication and infection of surrounding cells, and antitumor effects via virus-mediated cell death. [5] [6] [7] [8] Although the safety of replicating vectors has been questioned, 9 the development of tumor-specific replicating vectors should allow for viral replication within the tumor, but little systemic pathogenicity.
The inclusion of an enzyme/prodrug system with an oncolytic virus has several potential advantages. [10] [11] [12] [13] Diffusion of the converted prodrug into uninfected cells should lead to increased antitumor effects in vivo. Prodrug can be withheld until maximum viral replication and gene expression occur, allowing for maximal prodrug conversion. The use of converted prodrugs which inhibit DNA synthesis, may decrease viral DNA syn-controls treated with virus alone. Nude mice bearing subcutaneous MC38 tumors were injected with VVCD (or control) and treated with 5FC or control. Mice injected with VVCD (with or without 5FC treatment) had smaller tumors than the controls, suggesting that replicating vaccinia alone is cytotoxic to tumors in vivo. The addition of 5-FC improved the antitumor response when a low dose of virus was injected into tumors. Also, compared with mice that received virus alone, those that received VVCD and 5FC had significantly prolonged survival from virus-mediated death. In conclusion, the addition of an enzyme/prodrug system to a replicating virus can improve the antitumor response and decrease viral pathogenicity. Gene Therapy (2000) 7, 1217-1223.
thesis, and limit replication. The prodrug may act to rescue the host from systemic viral pathogenicity.
Vaccinia virus has several advantages for use in tumordirected gene therapy. 14, 15 It is a large, cytoplasmic virus which does not require host machinery for DNA synthesis and up to 25 kb of foreign DNA can be inserted without the need for viral deletions. 14, 16 Vaccinia virus has an efficient replication cycle and infects most cell types. Previously, a thymidine kinase-deleted virus has been shown to have decreased pathogenicity compared with wild-type virus, with preserved replication in tumor cells. 17 A thymidine kinase-deleted virus obtains thymidine triphosphate for DNA synthesis from the nucleotide pool only present in actively dividing cells. This leads to preferential viral replication in dividing cells, and hence the observed tumor specificity. Treatment with 10 6 p.f.u. of vaccinia virus and the enzyme/prodrug systems cytosine deaminase (CD)/5-fluorocytosine (5-FC) or purine nucleoside phosphorylase (PNP)/6-methylpurine deoxyriboside (6-MPDR) led to long-term cures in a murine model of hepatic metastases. 18, 19 The purpose of this study was to examine the interactions between a replicating oncolytic virus and an enzyme/prodrug system with respect to antitumor effects and viral pathogenicity. We demonstrate dosedependent virus and enzyme/prodrug effects. Highdose, systemically delivered, replicating (thymidine kinase-deleted) vaccinia virus selectively replicates in a subcutaneous murine colon carcinoma compared with nor-mal tissues, leading to inhibition of tumor growth. Inclusion of the CD/5-FC system enhances the antitumor effect of low-dose vaccinia treatment, and decreases pathogenicity of high-dose vaccinia treatment.
Results
In vitro cytotoxicity of vaccinia/CD/5-FC MTT assays were performed using a replicating virus in order to characterize the interaction between virusmediated cell death and enzyme/prodrug effect and to determine if the converted prodrug (5-FC → 5-FU) would inhibit viral replication. Replicating VVCD at an MOI of 1.0 resulted in 13% and 9% cell viability in MC38 cells by day 5 with or without the addition of prodrug respectively (Table 1) . Similarly, an MOI of 0.1 resulted in 38% and 32% cell viability by day 5 with or without the addition of prodrug. An MOI of 0.01 plus 5-FC (1 mm) led to 61% cell viability by day 5, illustrating a strong bystander effect for the CD/5-FC system. Without prodrug, virus alone caused minimal cytotoxicity by day 5 at this MOI.
In the presence of 1 mm 5FC viral replication was inhibited in a dose-dependent fashion from a six-fold decrease in viral recovery at an MOI of 0.001 to a 300-fold decrease in recovery at an MOI of 1. This suggests that inhibition of viral replication is dependent upon the amount of CD which converts the 5-FC into the active 5-FU. The inclusion of a suicide gene in a recombinant, replicating vaccinia virus may allow for rescue from viral pathogenicity as well as the cytotoxic bystander effect.
In vivo marker study Vaccinia virus expressing firefly luciferase (VVLuc) was injected into subcutaneous MC38 tumor-bearing nude mice to determine the optimal route of administration, timing of maximal gene expression and viral localization. 10 7 p.f.u. of VVLuc was injected intravenously (i.v.), intraperitoneally (i.p.), or intratumorally (i.t.). Intraperitoneal administration resulted in high levels of gene expression in the tumor, which was 3 to 4 logs higher than the next highest tissue (ovary) (Figure 1a ) and similar profiles were seen with i.v. and i.t. delivery (data not shown). Minimal luciferase expression was seen in the other organs tested. Gene expression in the tumor peaked on day 4 after i.v. delivery, and day 6 after i.p. and i.t. delivery, and remained high at all time points thereafter ( Figure 1B ). a Due to small sample size statistical significance was only seen between these groups (P Ͻ 0.01).
Figure 1 Luciferase levels (RLU/min/mg), 2 to 14 days after viral infection. (a) Luciferase levels in liver, spleen, lung, tumor and ovary after nude mice (n = 3) were infected i.p. with a luciferase expressing vaccinia virus (VVLuc). Tumor expression peaks on day 6 and remains high. Ovary, the second highest expressing organ, was 3 logs lower by day 6 (P Ͻ0.01 on days 6 and 14). Small bowel, heart, and skin were negative (data not shown). (b) Tumor luciferase levels when virus was given i.v., i.p., or i.t. By day 6 all routes of delivery were equivalent and levels remain elevated in tumor for the duration of the experiment.
In vivo anti-tumor effect Nude mice with subcutaneous MC38 tumors (50 to 100 mm 3 ) were treated with i.t. or i.p. replicating vaccinia virus expressing cytosine deaminase or control. 5-Fluorocytosine or control was given i.p. for 14 days starting on day 6 after viral delivery. VVCD (10 7 p.f.u.) given i.p. had significant morbidity with nonsignificant inhibition of tumor growth by virus alone, and no antitumor advantage of the CD/5FC system was seen by this route (data not shown). 10 8 p.f.u. of VVCD (or control virus VVLuc, not shown) given i.p. had similar morbidity and a statistically significant inhibition In order to evaluate the cause of morbidity, mouse tissues were harvested and viral titers determined ( Figure 5 lysis. 6, 12, 20 Replicating herpes viruses have been engineered to have tumor-specific oncolytic effects. 5, 8, 11, 21, 22 Inactivation of the ribonucleotide reductase gene or the neurovirulence gene (␥34.5) of herpes virus allows tumor specificity with decreased neurotoxicity. 7, 11, 22 While replication improves the efficiency of both adenoviruses and herpes viruses, neither has been shown to be efficient and specific enough to have antitumor effects as a systemically delivered vector.
In many ways a replicating vaccinia virus is superior to other replicating virus vectors. As a cytoplasmic virus nuclear localization is unnecessary, and since it supplies its own replication machinery there is minimal reliance on host factors. Vaccinia synthetic promoters lead to extremely high levels of gene expression. [23] [24] [25] Vaccinia virus replicates efficiently in a wide variety of human tumors and can be produced in very high titers in Hela cell spinner cultures. Most important is our previous observation that vaccinia is tumor selective in vivo. 26 In these experiments, we used a thymidine kinasedeleted vaccinia virus which has previously been shown to be less virulent than wild-type virus. 17 We have shown higher gene expression in subcutaneous tumors after i.v., i.p. or i.t. delivery of a luciferase-expressing vaccinia virus compared with other tissues. Remarkably, peak tumor luciferase activity is similar between the three different routes of delivery. A tk-deleted vaccinia requires either host thymidine kinase (active in dividing cancer cells) or host nucleotides in order to synthesize DNA and replicate. This may be the mechanism of in vivo tumor selectivity demonstrated.
We studied the CD/5-FC enzyme/prodrug system because it is known to have a significant bystander effect. 27, 28 It has been shown to have an antitumor effect when used in retroviral and adenoviral constructs, [29] [30] [31] and when used systemically with vaccinia in a murine hepatic metastases model. 18, 32 The active metabolite 5-FU is a known inhibitor of DNA synthesis and may provide an antiviral effect through inhibition of viral replication.
We have shown that the interactions between a replicating vaccinia virus and enzyme/prodrug system are complex. In vitro, replicating vaccinia was cytotoxic with or without the addition of prodrug at higher MOIs (Ͼ0.1), likely because of the speed with which vaccinia kills cells compared with the slow onset of activity of the enzyme prodrug system. At lower doses viral replication alone may not be enough to see an effect in rapidly dividing cells, but the bystander effect of the enzyme/prodrug system resulted in 40% cytotoxicity. Recoverable virus was decreased up to 300-fold by the addition of prodrug with no deleterious effects on cytotoxicity, indicating that it may be effective for rescue from virus-mediated pathogenicity.
In vivo, similar effects were seen. At high i.p. doses (10 8 p.f.u.) there was significant inhibition of tumor growth with or without the addition of prodrug. There was a benefit to prodrug when virus (10 7 or 10 8 p.f.u.) was given directly into the tumor resulting in 50% complete regressions and a dramatic inhibition of tumor growth overall. This may be a reflection of less viral dissemination throughout the tumor compared with systemic routes of injection leading to a necessary and effective bystander effect from the CD/5-FC system. As well, at lower doses of virus (10 6 p.f.u.) delivered systemically in a model of liver metastases, no effect from virus repli-cation alone was observed, but prodrug delivery resulted in antitumor effects and prolongation of survival. 32 In the current study, mice receiving 10 7 or 10 8 p.f.u. of vaccinia ultimately died from vaccinia pathogenicity in a dosedependent fashion. Survival of nude mice receiving 10 8 p.f.u. of systemic vaccinia was significantly prolonged in the presence of prodrug, suggesting an antiviral effect of the converted prodrug. Although we found no evidence for bone marrow toxicity, other factors may be the cause of death in these animals. Interestingly, histological examination performed on infected tissues showed only tumor necrosis, ovarian pathology and proliferative hepatic changes with no evidence of central nervous system effects (unpublished results). It is difficult therefore to define the specific cause of death in this model and this is being studied further.
The combination of a tumor-selective replicating vaccinia virus and an enzyme/prodrug system may be a potent vector for cancer gene therapy. 10, 11, 13, 33 A replicating virus is capable of directly causing tumor cell death, but it is ultimately limited by the immune system. An enzyme-prodrug system, delivered by a replicating virus could enhance the tumor response through its bystander effects. Converted prodrugs which inhibit DNA synthesis however, theoretically inhibit viral replication in a similar manner. This may be a disadvantage if it limits virus-mediated tumor cell death, however an enzyme/prodrug system which inhibits viral DNA synthesis may act as a safety valve to rescue the host from virus-mediated pathogenicity.
We have shown that systemic injection of an oncolytic replicating vaccinia virus leads to high gene expression within tumor cells in vivo and results in a significant antitumor effect. Despite the use of a thymidine kinasedeleted virus and an enzyme/prodrug system, significant pathogenicity was seen in nude mice. Although this is negligible in immunocompetent mice, future clinical trials with a systemically delivered, replicating virus will need to be safe from pathogenicity. Currently we are working at improving the safety profile of these viruses further by mutating other genes and expressing more potent enzyme/prodrug systems. The efficiency, high gene expression, and tumor selectivity of this replicating vaccinia virus make it worthy of continued investigation for tumor-directed gene therapy.
Materials and methods
Cell lines MC38, a non-metastatic colon adenocarcinoma cell line from C57BL/6 mice is used extensively in our branch. The human colon adenocarcinoma cell lines WiDr, HT29 and H508, cervical adenocarcinoma (Hela S3) and monkey kidney fibroblasts (CV1) were obtained from the American Type Culture Collection (ATCC, Manassass, VA, USA). All cell lines were grown in Dulbecco's modified Eagle's medium (DMEM-10) supplemented with 10% heat-inactivated fetal calf serum, 2 mm glutamine, 1% penicillin/streptomycin (10 000 units/ml), and 0.2% fungizone (250 g/ml) (all Biofluids, Rockville, MD, USA). Cell lines were maintained in an incubator at 37°C with 5% CO 2 , and serially passaged every 3 to 4 days. Hela cells in suspension culture were grown in 3L spinner flasks (Bellco Glass, Vineland, NJ, USA) at 37°C with no CO 2 .
Gene Therapy
Vaccinia viruses
The recombinant vaccinia viruses VVLuc (expressing the firefly luciferase gene) and VVCD (expressing the E. coli cytosine deaminase gene) were developed in our laboratory and have been described previously. 18, 26 Recombinant vaccinia viruses were amplified in Hela cell spinner cultures for 3 days, purified by ultracentrifugation over a sucrose cushion, and titered on confluent CV1 cells. 34 
MTT assays
On day −2, 5 × 10 3 cells per well were plated in a 96-well plate (5 × 10 5 cells per well in six-well plates for replicating vaccinia) and incubated overnight in 5% CO 2 at 37°C. The next day, cells were infected with vaccinia virus at varying MOIs. 5-Fluorocytosine (5-FC, 1 mm, Sigma Chemical, St Louis MO, USA) or control was added on day 0. MTT assays were performed on days 1, 3 and 5 as previously described. 19 All assays were performed in triplicate. Cell viability was expressed relative to control cells grown in media alone.
Viral titers
On days 3 and 5 after viral infection cell lysates were sampled for virus titers. Cells were harvested in 1 ml of DMEM supplemented with 2.5% serum and subjected to one freeze-thaw cycle. 500 l of cell lysate was used in a standard plaque assay. 34 Mice Six-week-old female, athymic (C57BL/6) mice were obtained from the National Institutes of Health small animal facility (Frederick, MD, USA). They were housed in standard conditions and given food and water ad libitum. All animal studies were approved by the Animal Care and Use Subcommittee of the Animal Sciences Branch, National Cancer Institute.
Tumor model 10 5 MC38 cells in 100 l of DMEM were injected into the right flank of each mouse and allowed to grow for 10-14 days. When the subcutaneous tumors reached a volume of 50 to 100 mm 3 , vaccinia virus (VVLuc or VVCD) was injected intratumorally (i.t.), intraperitoneally (i.p.), or intravenously (i.v.).
Prodrug 5-Fluorocytosine (5-FC, Sigma Chemical) was used at 1 mm in phosphate buffered saline (PBS, pH 7.4, Biofluids) for the in vitro studies. It was dissolved in 2 ml DMEM per mouse (1180 mg/kg/day) for the in vivo studies. 5-Fluorouracil (5-FU, Sigma Chemical) was used at 1 mm in vitro and 30 mg/kg/day in vivo.
In vivo marker study On days 2, 4, 6, 8, 10 and 14 following i.t., i.p., or i.v. injection of VVLuc, three mice per group were killed, and 50 to 100 mg samples of liver, spleen, lung, heart, kidney, small bowel, skin, ovary and tumor were removed and homogenized in 750 l of reporter lysis buffer (Promega, Madison, WI, USA) and kept at −70°C until assayed. The luciferase assay was done according to the protocol (Luciferase Assay System, Promega). In brief, 20 l of thawed homogenate was added to 100 l of room temperature luciferase assay reagent, and the reaction read for 10 s in a luminometer (Turner Designs, Sunnyvale, CA, USA). Each sample was done in duplicate.
Total protein was assayed using the BCA Protein Assay Reagent Kit (Pierce, Rockford, IL, USA) using the Microtiter Plate Protocol. 200 l of working reagent was added to 10 l of each of the thawed tissue homogenates (above) in a 96-well plate. The plate was shaken for 30 s and incubated at 37°C for 1 h. After cooling to room temperature, the absorbance was measured at 570 nm. Known concentrations of bovine serum albumin (BSA set, Pierce) were measured to obtain a standard curve. The luciferase assay results were reported as relative light units (RLU) per minute per milligram total protein.
In vivo cytotoxicity VVCD, VVLuc or HBSS (Hank's balanced salt solution; Biofluids) control was injected intratumorally (in 100 l of HBSS/0.1% BSA, Calbiochem, La Jolla, CA, USA) or intraperitoneally (in 2 ml of HBSS/0.1% BSA) when the tumors were 50 to 100 mm 3 . Starting day 6 following viral injection, 2 ml of 5-FC (1180 mg/kg), 5-FU (30 mg/kg, Sigma Chemical) or PBS was injected i.p. daily for 9, 14 or 28 days. Tumor width and length was measured twice weekly by a blinded investigator. Tumor volume was calculated as ((width) 2 × length) 0.52. 35 Viral pathogenicity Viral pathogenicity was assessed with complete blood counts and determinations of viral titers in various organs, 8 and 15 days after injection of VVCD. 250 l of blood was aspirated into mini-collection tubes (Becton Dickinson, Fairland Lakes, NJ, USA) for complete blood counts. For viral titer determinations, 50 to 100 mg samples of liver, spleen, brain, tumor, ovary, bone marrow and blood were homogenized in HBSS (without BSA) and kept at −70°C until use. 500 l of the homogenate was incubated on CV1 cells at 37°C in 5% CO 2 and titers determined as above. Viral titers were standardized to total protein.
Statistics
Data were presented as mean ± standard deviation and the Mann-Whitney test was used when appropriate. Tumor volumes between groups were assessed using the Kruskal-Wallis nonparametric analysis of variance and Dunn's multiple comparisons test. Survival analysis was performed using the method of Kaplan-Meier, 36 and differences between curves were assessed using the log-rank test. 37 
